We report a theoretical study on x-ray absorption spectroscopy at the Ti-L 2,3 -edge of rutile and anatase TiO 2 as well as SrTiO 3 . Using the first-principles multichannel multiple-scattering method, we obtain good agreement with experiment in all cases. We show that both multiplet-type electron correlation effects and the long-range band structure strongly influence the spectra. The differences in line shape between the three compounds are essentially a long-range effect which reflects the different crystal structures on a length scale of 1 nm.
I. INTRODUCTION
X-ray absorption spectroscopy ͑XAS͒ and the closely related electron-energy-loss spectroscopy are major tools for analyzing the structural and electronic properties of matter from a local, element-specific point of view. XAS at the transition metal L 2,3 -edge directly probes the empty 3d states which are sensitive to local symmetry, coordination, and bonding of the transition metal atoms. However, the structural information contained in the L 2,3 -edge spectra is difficult to extract because predictive computational methods for L 2,3 -edge spectra have been missing. Standard first-principles methods, which employ the independent particle approximation ͑IPA͒ for the calculation of XAS, yield L 2,3 -edge spectra that are often in poor agreement with experiment, especially for the early 3d elements. This is due to the strong particlehole configuration mixing in the XAS final state which cannot be taken account for in the IPA.
1 Quite recently, the particle-hole coupling was included in several first-principles schemes: time-dependent density-functional theory, 2 multichannel multiple scattering, 3 and the Bethe-Salpeter equation. 4 These approaches have substantially improved over the IPA for the L 2,3 -edge spectra of the early 3d elements. However, good results have so far only been obtained for simple systems such as bulk metals and ionic compounds in high symmetry. The practically important question is whether theory can also handle complex structures with transition metal atoms at low-symmetry sites, where the structural sensitivity of the L 2,3 edge is most pronounced and the need for predictive methods is strongest.
A good test case for answering this question is titanium dioxide which is made of distorted TiO 6 octahedra in different stackings giving rise to three natural polymorphs. The L 2,3 -edge spectra are routinely used as fingerprints of the polymorphs, especially for the most stable ones, rutile and anatase. 5 The spectra of TiO 2 and SrTiO 3 have a main fourpeak structure which is common to all tetravalent Ti compounds with TiO 6 coordination ͓see the SrTiO 3 spectrum in Fig. 1͑d͔͒ . The four-peak structure can be understood in ligand field theory as a result of the twofold spin-orbit splitting of the 2p level ͑into L 3 and L 2 lines͒ and the twofold splitting of the 3d level by the octahedral ligand field into t 2g and e g states. This leads to the usual labeling of peaks as
, and L 2 -e g ͓see Fig. 1͑d͔͒ which we also use here for simplicity. It should be kept in mind, however, that this labeling corresponds to an independent particle picture which neglects the strong configuration mixing due to particle-hole multiplet coupling. We shall discuss this issue further in the result section.
The spectrum of the cubic system SrTiO 3 could be well reproduced using atomic crystal field 6,7 and cluster-model calculations. 8 Compared to SrTiO 3 , the TiO 2 spectra display some extra fine structure, in particular, the splitting of the L 3 -e g peak into an asymmetric doublet ͓peaks D and E in Figs. 2͑e͒ and 2͑j͔͒. The latter was attributed to a noncubic ligand field effect related to the distortion of the TiO 6 octahedra by de Groot et al. 7, 9 who used the crystal-field- -edge spectra of SrTiO 3 calculated either in the IPA ͑left͒ or with the MC method including particle-hole coupling ͑right͒. GS, FS, and PS potential are compared. All spectra are normalized to equal peak height and aligned to the experimental data ͑EXP, taken from Ref. 12͒. We use two types of peak labeling for the experimental spectrum in ͑d͒. In the left panel ͑d͒ the IPA labeling is shown, which reflects only very approximately the character of the XAS final states. In right panel ͑d͒ the standard peak labeling of the TiO 2 spectra is adapted to SrTiO 3 for easy comparison with Figs. 2 and 3. multiplet approach. This interpretation was however questioned by Crocombette and Jollet, 10 who argued that the distortion is too small to produce a sizeable splitting of the L 3 -e g peak. The rutile TiO 2 spectra has also been calculated using standard first-principles methods within the IPA.
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While the overall L 2,3 -edge line shape strongly disagrees with experiment due to the neglect of particle-hole coupling in the IPA, the D-E feature, taken alone, is well reproduced. Among the recent first-principles approaches with particlehole coupling, the Bethe-Salpeter equation scheme was applied to SrTiO 3 ͑Ref. 12͒ and rutile TiO 2 . 4 While good results were obtained for cubic SrTiO 3 , the extra fine structure observed in rutile TiO 2 could not be correctly reproduced. Also time-dependent density-functional theory was applied to rutile TiO 2 but the calculated L 2,3 -edge spectra were in poor agreement with experiment. 13 So despite numerous calculations in a variety of computational schemes, the L 2,3 -edge spectra of TiO 2 could so far not be reproduced satisfactorily and the origin of the "fingerprint" L 3 -e g peak splitting has remained unclear.
Here we present calculations on Ti L 2,3 -edge spectra using the recently developed first-principles multichannel multiple scattering ͑MCMS͒ method. 3 Very good agreement with experiment is obtained for SrTiO 3 and also for TiO 2 in both rutile and anatase phases. We show that the L 3 -e g peak splitting in TiO 2 is essentially a long-range effect which reflects the crystal structure on a length scale of 1 nm.
II. COMPUTATIONAL
We use the MCMS theory for L 2,3 -XAS with particle-hole wave functions as developed by Krüger and Natoli. 3 This scheme features a first-principles description of the electronic structure of the extended system through the realspace multiple-scattering method and a configuration interaction calculation of the scattering matrix ͑T͒ of the absorber atom which takes full account of the energy-dependent particle-hole-multiplet coupling. The details of the method can be found in Ref. 3 . Here we only describe two new features, namely, the introduction of the Fermi level and the use of LDA+ U potentials.
In MCMS theory, the absorption cross section for some photon energy is given by
where M are the matrix elements of the dipole operator and 00 those of the multichannel scattering-path operator at the absorber site. ␣ labels the quantum numbers of the photoionized system, which in the present case of a particle-hole wave function are just the quantum numbers of the 2p hole, i.e., ͑jm j ͒. Further lm are the orbital quantum numbers of the photoelectron and is its spin. 00 can be calculated from
where T is the multichannel T matrix of the absorber ͑de-noted t 0 in Ref. 3͒ and is the reflectivity of the cluster without absorber. The site indices 00 and the quantum numbers of the photoelectron have been omitted here. Equation ͑2͒ was derived for systems with an empty d band in the ground state. 3 For the general case of partially filled and/or hybridized bands, we replace Eq. ͑2͒ by
where t is the single particle T matrix and f the Fermi function. The quantities t −1 , , f are evaluated at the photoelectron energy in channel ␣, given by ⑀ ␣ = + E ␣ , where E ␣ is the 2p-␣ level. It is easy to see that Eq. ͑3͒ reduces to the correct IPA limit in the absence of particle-hole coupling, i.e., when
The local density approximation ͑LDA͒ systematically underestimates the band gap of insulators. The LDA band gaps as calculated with the linear muffin-tin orbital method 14 are 1.7, 1.6, and 1.4 eV in TiO 2 rutile, anatase, and SrTiO 3 , respectively, while the experimental values are 3.05, 3.2, and 3.2 eV. We employ a simple LDA+ U-type correction by shifting the self-consistent LDA potential by a constant ⌬E d for the calculation of the Ti d partial waves. 15 We take ⌬E d = 2 eV for all systems which results in band gaps of 3.0Ϯ 0.1 eV in good agreement with experiment.
All XAS spectra ͓except in Fig. 3͑a͔͒ were calculated for spherical clusters of about 300 atoms and are converged in cluster size. The spectra were convoluted with a Lorentzian to account for finite core-hole lifetime and with a Gaussian of full width at half maximum ͑FWHM͒ 0.3 eV to simulate experimental broadening. Due to Coster-Kronig decay, the lifetime width of the 2p 1/2 hole is much larger than that of the 2p 3/2 hole. Moreover, the two core-hole states are strongly mixed in the L 2,3 -XAS. In order to model lifetime broadening in this situation, we have used a Lorentzian with an energy dependent width 2⌫͑͒ = 0.1+ 0.072ϫ ͑ − 0 ͒ ͑in eV͒, where 0 is the L 3 threshold energy ͑after prepeaks͒. This is a linear interpolation between the lifetime widths reported for the 2p 3/2 hole ͑0.1 eV͒ and the 2p 1/2 hole ͑0.5 eV͒. Figure 1 shows the Ti-L 2,3 -edge spectra of SrTiO 3 calculated either in the IPA ͑panels a-c͒ or in the MC approach which includes the particle-hole configuration interaction ͑panels e-g͒. Three different one-electron potentials are compared: the ground-state ͑GS͒ potential ͑a,e͒, the full-screened ͑FS͒ core-hole potential corresponding to the final-state rule ͑b,f͒ and the partially screened ͑PS͒ potential ͑c,g͒. The finalstate potential was obtained through a self-consistent calculation with a 2p hole at the absorber site in supercells of four formula units. The partially screened potential is the sum of ␣ = 10% ground-state potential with an unscreened 2p hole and 90% final-state potential. This is exactly the same screening model with the same mixing value ␣ as we have used for the Ca-L 2,3 -edge spectra. 3 It can be seen from Figs. 1͑a͒-1͑c͒ that the IPA yields very bad L 2,3 spectra whatever one-electron potential is used. The one-electron potential has, however, a strong effect on the line shape. In the sequence GS-FS-PS, core-hole attraction increases and thus the final-state waves become more and more localized at the absorber site. This explains the narrowing of peaks and the progessive "loss of band structure" ͑i.e., the loss of spectral features that are due to band formation͒ which is observed for the sequence GS-FS-PS in Figs. 1͑a͒-1͑c͒ . It can be seen that the PS potential ͑c͒ gives best agreement with experiment as far as number and positions of the peaks are concerned.
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III. RESULTS AND DISCUSSION
When the particle-hole coupling is taken into account through the multichannel scheme ͓Figs. 1͑e͒-1͑g͔͒, the spectra drastically change and much spectral weight is transferred from the L 3 to the L 2 edge and from the ͑nominal͒ t 2g peaks to the e g peaks. The particle-hole coupling also generates new peaks, in particular, the two weak prepeaks A and B ͓see Fig. 1͑d͒ , right panel͔. The origin of these prepeaks is well understood from atomic-multiplet calculations.
1,7 A purely atomic-multiplet calculation for a ͑2p 6 3d 0 ͒ ground and a ͑2p 5 3d 1 ͒ final-state configuration yields three peaks: two prominent peaks which correspond mainly to the 2p 3/2 ͑L 3 ͒ and the 2p 1/2 hole ͑L 2 ͒ as well as one extra and much weaker prepeak. The latter is absent in the IPA, i.e., it is a genuine multiplet effect. In an octahedral crystal field the prepeak splits into two lines, 7 which correspond to peaks A and B in Figs. 1-3 . Also the multichannel spectra ͓Figs. 1͑e͒-1͑g͔͒ show a strong dependence on the one-electron potential. The partially screened potential ͑g͒ yields by far best, indeed very good agreement with experiment. This shows that the monopole term of the particle-hole interaction is incompletely screened in the L 2,3 -edge spectra and that this effect can be well accounted for with the partially screened potential with ␣ = 10%. This fully confirms our findings obtained for Ca compounds.
3
The Ti-L 2,3 -edge spectra of TiO 2 in the rutile and anatase polymorphs are shown in Fig. 2 . The comparison of the different approximations leads to the same conclusions as for SrTiO 3 . The IPA gives wrong peak intensities for all potentials but the partially screened potential improves over the ground-state potential as far as number, width, and position of the peaks are concerned. Inclusion of the particle-hole multiplet coupling ͑MC-PS, panels d and i͒ leads to spectra in very good agreement with experiment for both rutile and anatase. In particular, the splitting of the L 3 -edge peak into the two peaks D and E is well reproduced, not only for the energy splitting but also for the relative intensities of the two components D and E. The asymmetry of the D-E doublet is the fingerprint of the crystallographic phases. To the best of our knowledge, it has never been reproduced theoretically before for both rutile and anatase. The only disagreement with experiment is that in the calculated spectra ͑d,i͒, peak G has some doublet fine structure whereas a single broad peak is seen in the data. If the broadening in the high-energy part of the spectra is increased, good agreement is also obtained for peak G, as we have checked. This hints to existence of broadening mechanisms that are not taken into account here, such as vibrational broadening 7 or Ti-O charge-transfer excitations. 18 In Figs. 2͑c͒ and 2͑h͒ "unbroadened" MC-PS spectra are shown, where only a soft Gaussian broadening ͑FWHM= 0.1 eV͒ has been applied for graphical reasons. In these spectra, peak broadening ͑above 0.1 eV͒ is intrinsic to the electronic structure of the XAS final state, namely, it is due to band formation. As will be shown in Fig. 3 below, peaks C and F correspond mainly to transitions into t 2g orbitals. Peaks C and F are very sharp in Figs. 2͑c͒ and 2͑h͒ while the features D, E, and G, which correspond mainly to transitions into e g orbitals, are much broader. So we see that the broadening of the e g peaks is partly due to band formation while that of t 2g peaks is entirely due to the core-hole decay. Note that the absence of band broadening of the t 2g 
-edge spectra of rutile TiO 2 calculated with multichannel coupling and the partially screened potential ͑MC-PS͒. ͑a͒ Spectra as a function of cluster size. ͑b͒ Projection of the 297-atom spectrum onto t 2g -and e g -type d orbitals of the photoelectron. The t 2g -e g interference and the sum of t 2g , e g , and interference spectrum ͑total͒ are also shown. ͑c͒ Projection onto the 3z 2 − r 2 ͑eg-ag͒ and the xy orbital ͑eg-b1g͒. The same intensity scale has been used for all spectra. peaks is an excitonic, i.e., a genuine final-state effect. In the ground state, the t 2g states form a 2-3-eV-wide band as can be seen from the IPA-GS calculations ͑a,f͒. For the more strongly hybridized e g orbitals the excitonic effect is much weaker and some band broadening survives in the final state.
Origin of the L 3 -e g splitting.
As mentioned in the introduction, the fingerprint L 3 -e g peak splitting in TiO 2 ͓peaks D and E in Figs. 2͑e͒ and 2͑j͔͒ was first attributed to a noncubic ligand field effect due to the distortion of the TiO 6 octahedra. 7, 9 Although this explanation was strongly debated in the following, 10 the ligand field scenario is still often used in the interpretation of the experimental data, probably because of a lack of convincing alternative explanations. Standard band-structure calculations in the IPA without core-hole ͑which correspond to our IPA-GS approximation͒ give a D-E feature for rutile TiO 2 which agrees quite well with experiment.
11 However, such calculations lack the prepeak structure ͑A and B in Fig. 2͒ and give intensities ratios between the four main peaks ͑C:D +E:F:G͒ close to statistical branching ratio of L 3 -t 2g :L 3 -e g :L 2 -t 2g :L 2 -e g which is 6:4:3:2, see Fig. 2͑a͒ . This is completely off the experimentally observed intensity ratios of about 1:2:1:2 ͓see Figs. 2͑e͒ and 2͑j͔͒ and so the overall line shape obtained in standard band-structure calculations is in gross disagreement with experiment. Therefore it can be said that the origin of the characteristic L 3 -e g ͑or D-E͒ peak splitting in TiO 2 is not well understood to date.
We shall now show that the L 3 -e g peak splitting is essentially a nonlocal effect caused by long-range bonding ͑band-structure͒ properties while the local distortion of the TiO 6 octahedra plays a much smaller role. Figure 3͑a͒ shows the L 2,3 spectra for rutile TiO 2 as a function of cluster size.
Spherical clusters with open-boundary conditions were used. 19 When comparing the spectrum of a single Ti atom in Fig. 3͑a͒ with that of the seven-atom ͑TiO 6 ͒ cluster, it is seen that hybridization with the first-shell O ligands produces the typical octahedral ligand field splitting 7 and leads to a fourpeak structure similar to the SrTiO 3 spectrum ͓see Fig. 1͑d͔͒ . However, the characteristic ͑D-E͒ splitting of the L 3 -e g peak is missing in the calculation with the seven-atom rutile cluster. We have found the same qualitative result for a TiO 6 cluster with anatase structure ͑not shown͒. This result confirms the model calculations by Crocombette and Jollet, 10 who found that the D-E splitting is absent for TiO 6 clusters with exact atomic positions of TiO 2 rutile or anatase. The nine-atom cluster includes the second-neighbor shell which consists of two Ti atoms at about 3 Å from the absorber. This spectrum is nearly identical to that of the seven-atom cluster and it has no D-E splitting either. The 25-atom cluster has an extra peak between L 3 -t 2g and L 3 -e g but its position does not fit the experimental peak D. It can be seen that the spectra converge for cluster sizes of about 60 atoms, which corresponds to a diameter of 1.1 nm. Only for such large clusters the D-E splitting agrees with experiment. This analysis shows that the D-E splitting is a nonlocal effect which reflects the electronic structure of the system on a length scale of 1 nm.
In order to better understand the crystal-field effects, we shall now make a decomposition of the absorption spectrum of rutile TiO 2 with respect to the orbital symmetry of the excited electron. The sums over ͑llЈ͒ in Eq. ͑1͒ can be restricted to d orbitals since only p → d transitions have nonnegligible radial dipole-matrix elements in the case of L 2,3 -edge spectra. 3 By selecting l = lЈ = 2 and not summing over mmЈ in Eq. ͑1͒ we define a d-orbital projection matrix of the absorption cross section as
In rutile TiO 2 the point symmetry at the Ti sites is D 2h . We choose a coordinate system centered on a Ti site with oxygen ligands at ͑0,0, Ϯ 1.983͒ and at ͑Ϯ1. 
First we analyze the spectrum according to the approximate O h symmetry, i.e., we project onto ⌫ = t 2g , e g . The partialabsorption spectra for these two symmetries are shown in Fig. 3͑b͒ . The t 2g -e g interference term is also shown. It was calculated as ͚ mt2g,mЈeg
Note that the sum of t 2g , e g , and interference spectrum ͓"total" in Fig. 3͑b͔͒ yields the full spectrum ͓top curve in Fig. 3͑a͔͒ as it has to be. It can be seen that peaks C and F correspond dominantly to t 2g orbitals and D, E, and G dominantly to e g orbitals, in accordance with the usual labeling of peaks. However, only for peak F the photoelectron orbital character is nearly pure ͑t 2g ͒. All other peaks show substantial orbital mixing which is seen most directly by looking at the interference spectrum. This strong interference is not due to the fact that the symmetry is lower than O h but it is a correlation effect due to the particle-hole multiplet coupling. When the particle-hole coupling is switched off, i.e., in the IPA limit then the interference term vanishes as we have checked. In Fig. 3͑c͒ , we show the partial-absorption spectra for the orbitals 3z 2 − r 2 ͑denoted eg-ag͒ and xy ͑denoted egb1g͒. These orbitals transform both as e g in O h but they split respectively into a g and b 1g in the exact D 2h group. It can be seen that these two partial spectra are very similar and that they cover both D and E peaks. This shows that the noncubic crystal field is weak and that it cannot explain the D-E splitting.
Next we have studied the effect of the distortion of the TiO 6 octahedra. In Fig. 4 , ͑upper panel͒ we compare the TiO 2 spectrum of the real rutile structure, with that of an "ideal" rutile structure which is made of undistorted TiO 6 octahedra with the same stacking and cell volume as the real structure. In ideal rutile, the L 3 -e g peak is split into three lines ͑labeled d1,d2, and e͒ rather than into two ͑D,E͒ as in real rutile. The total width and the asymmetry of the L 3 -e g peak are however very close in the two systems. This shows that the distortion of the TiO 6 octahedra is not a necessary condition for the L 3 -e g peak splitting but the distortion is required for a clear doublet line shape. In the lower panel of Fig. 4 the ideal rutile spectrum is compared with the SrTiO 3 spectrum. The individual TiO 6 octahedra in these two structures are almost identical, namely, perfect octahedra with a Ti-O bond length that differs by less than 1%. So on the basis of a TiO 6 cluster model, one would expect the SrTiO 3 and the ideal rutile spectra to be identical. However, it is seen that the spectrum of ideal rutile differs more strongly from SrTiO 3 than from real rutile. We conclude that the difference in line shape between SrTiO 3 and rutile TiO 2 should be attributed mainly to the structural differences beyond the first nearest-neighbor shell, i.e., to the different stacking of the TiO 6 octahedra rather than to the distortion of the individual octahedra.
We may draw the following conclusions from this analysis. ͑a͒ The distortion of the TiO 6 octahedra is not a sufficient condition for the L 3 -e g peak splitting since there is no splitting for an isolated ͑distorted͒ TiO 6 octahedron. ͑b͒ The distortion is not even a necessary condition since ideal rutile made from undistorted octahedra also shows a L 3 -e g peak splitting of about the same width as real rutile. ͑c͒ The distortion has, however, a non-negligible influence on the fine structure of the L 3 -e g peak and line shapes in good agreement with experiment require big clusters with the correct stacking and distortion of TiO 6 octahedra.
IV. CONCLUDING REMARKS
In summary we have calculated the L 2,3 -edge spectra of SrTiO 3 and TiO 2 using the multichannel multiple-scattering approach and found very good agreement with experiment. Both local multiplet and long-range band-structure interactions are necessary ingredients for a correct description of the TiO 2 spectra. We have shown that the characteristic L 3 -e g peak splitting in TiO 2 is a long-range band-structure effect which reflects the crystal structure of TiO 2 on a length scale of about 1 nm. While the distortion of the TiO 6 octahedra plays a non-negligible role for the precise shape of the L 3 -e g feature, it is neither sufficient nor necessary for producing a L 3 -e g peak splitting of the observed width. This clarification of the origin of the spectral fine structure should be helpful for a correct interpretation of L 2,3 -edge spectra in nanostructured TiO 2 . More generally we have shown that the multichannel multiple-scattering method provides an accurate theoretical scheme which makes it possible to account for the structural sensitivity of L 2,3 -edge spectra in a predictive way. 
